Abstract It was recently reported a regional warming in the intra-Americas region where sea surface temperature exhibited increases exceeding 0.15°C/decade and an accelerated air temperature rise that could impact building energy demands per capita (EDC). Reanalysis data is used herein to quantify the impacts of these warming trends on EDC. Results of the analysis depict a Southern Greater Antilles and inland South America with a positive annual EDC rate of 1-5 kWh per year. The Intergovernmental Panel on Climate Change (IPCC) Representative Concentration Pathways (RCP) 2.6 and 4.5 scenarios were selected to analyze energy demand changes in the twenty-first century. A multi-model ensemble forecasts an EDC increase of 9.6 and 23 kWh/month in the RCP2.6 and RCP4.5 at the end of the twenty-first century, which may increase average building cooling loads in the region by 7.57 GW (RCP2.6) and 8.15 GW (RCP4.5), respectively. Furthermore, 4 of 9 (RCP2.6) and 7 of 9 (RCP4.5) of the major countries in this region have EDCs ranging between 1887 and 2252 kWh/year at the end of this century. Therefore, increased energy production and improved energy infrastructure will be required to maintain ideal indoor building conditions at the end of the twenty-first century in these tropical coastal regions as consequence of a warmer climate.
Introduction
In Tropical coastal cities where fossil energy resources are scarce, the warming environment is a key process that requires attention with regard to regional energy demands. One of such regions is the intra-Americas region (IAR), an area in the tropics that encompasses the Caribbean, Central America, south-central Mexico, and northwestern South America (Curtis 2013) (Fig. 1) .
The Caribbean is characterized by a vibrant economic activity, with a total energy per capita of 1251 kWh in 2009, which was close to half of the total world energy per capita (Irena 2012) . Due to inefficiencies in the electrical energy infrastructure, the energy costs in the region are high. For instance, the highest residential electricity cost in 2012 was 25 US cent/kWh, almost twice the price in the USA (McIntyre et al. 2016) . Furthermore, as a result of the warm climate, tropical coastal regions have high energy demands for building air conditioning, often exceeding 50% of the total energy budget (Edwards et al. 2012) . In 2005, the net energy consumption in the residential sector was approximately 35% of the total energy produced for the case of Puerto Rico (Alva et al. 2005) , while in Barbados, the air conditioning energy demand was 48.2% of the total electrical energy consumed in hotels (McIntyre et al. 2016) . Moreover, the US residential and commercial energy demand reached 72% of the total electrical energy generated in 2013. In addition, the energy consumption for heating, ventilation, and air conditioning (HVAC) is higher than other components in residential and commercial buildings, consuming 26 and 40% (respectively) of the total electrical energy (U.S. Department of Energy 2009; U.S. Environmental Protection Agency 2015). Consequently, HVAC energy per capita consumption is a suitable indicator of energy consumption in buildings and of overall energy demand in most tropical countries. Energy demand is a key mitigating factor geared towards protecting human health and economic activities in a warming climate.
The work herein focuses on determining the possible implications of regional warming on energy demands per capita in the IAR. Hence, a key guiding question of the research is how may EDC in the IAR change as a result of a warmer twenty-first century?
The main objective of this work is to quantify the future EDC necessary to mitigate regional warming effects on human health. To accomplish this goal, the current observed and simulated EDC and near-term tendencies are analyzed to identify the current and future regional warming impacts over IAR energy demand per capita.
A regional warming trend in Central America and the Caribbean region has been recently been reported, with an intensification in the Atlantic Warm Pool (Glenn et al. 2015) . This regional warming exhibits a positive annual sea surface temperature (SST) trend of 0.015°C per year from 1982 to 2012. As a result of this, warmer air advection could develop and cause enhanced warming at the lower atmospheric levels and vertical convection intensification. Furthermore, SST greater than 26°C incentivizes rainfall while if the SSTs exceed 29.5°C, less rainfall may be produced (Folkins and Braun 2003) leading to an uncomfortable environment. This warming trend could intensify extreme events such as heat waves and droughts. Consequently, an accelerated air temperature rise will cause larger building EDCs to mitigate the regional warming effects. For instance, it has shown that a 0.56°C increase in temperatures during the summer can increase building cooling loads by 1.5 to 2% (Akbari et al. 1992) . In terms of energy density, it was reported an energy density increase of 90 W/m 2 in New York City when extreme heat events occurred (Gutiérrez et al. 2013) . Land use for urbanization is an added factor in energy demands in large cities including those in the IAR Comarazamy et al. 2013) .
There have been attempts to project energy consumption at the middle of the twenty-first century using a multilinear regression technique which incorporates electricity and gas consumption along with air temperature and relative humidity (RH). Resulting projections for the United Kingdom (2030-2059) indicate that energy consumption will increase by 5.5% while gas consumption will decrease by 28% (Braun et al. 2014) . A long-term projection of Australian energy consumption calculated via the dynamic partial equilibrium model (E4cat) showed that the total primary energy consumption increased from 2015 at approximate rate of 1% per year up until 2050 (Calder 2014) . Furthermore, there is a gap in the scientific reports on the projection of EDC in the IAR at the twenty-first century and in using general circulation models (GCMs). This work aims to satisfy this void in the literature.
Past works by the authors included projections for renewable energy resources along the twenty-first century and in the Caribbean (Angeles et al. 2010b ). The present work builds from these past efforts by focusing on energy demands in the building sector. We present a new method to quantify building energy demands per capita due to a warming climate and also to predict energy demands per capita along the twenty-first century.
The remaining of the article is organized as follows: a brief description of the general circulation models will be presented along with the methodology used in this research. Posteriorly, current observed and simulated energy demand climatology, along with near-term tendency, is investigated. Finally, future projections using GCMs are studied to accomplish the main goals of this research. 
Methodology
In this section, a method involving the utilization of historical reanalysis records and numerical models to project building EDC is described. In addition, the non-parametric Mann-Kendall test was implemented to determine trends in observed data until 2013 and future projections. Lastly, numerical experiments based on selected IPCC scenarios are described.
Reanalysis and energy data
The National Oceanic and Atmospheric Administration (NOAA) Optimum Interpolation SST (OISST) 1°reso-lution product was selected to analyze SST trends and climatology in the IAR . In addition, the Climate Prediction Centers-Merged Analysis of Precipitation (CMAP) 2.5°resolution product was used to calculate the regional rainfall climatology from 1980 to 2013. The atmospheric fields of interest, the surface air temperature, and RH were retrieved from the National Center for Environmental Prediction (NCEP) reanalysis dataset (also at 2.5°resolution). These variables are key to estimate the heat index (HI), human discomfort index (HDI), and the EDC required to maintain adequate indoor building conditions to mitigate the regional warming impact. Nine major countries within the IAR, including the Dominican Republic, Haiti, Cuba, Puerto Rico, Panama, Trinidad and Tobago, Venezuela, Colombia, and Guatemala were selected based on population size and location within and around the Caribbean warm pool. Electrical energy consumption for each of the nine sites in kWh per capita was attained from the World Bank dataset (The World Bank 2015).
General circulation models-CMIP5 project
According to the IPCC, the global warming was correlated with the CO 2 increase attributed mostly to the burning of fossil fuels (IPCC 2013) . To account for new climate change understanding, the IPCC has replaced old scenarios with the representative concentration pathways (RCPs). The RCP2.6 and RCP4.5 scenarios were selected in this research following the Paris agreement, which aims to maintain a global air temperature rise well below the 2°C (Stavins and Stowe 2016). Relative to the average from 1850 to 1900, the RCP2.6 scenario predicts a global air temperature rise unlikely to exceed 2°C at the end of the twenty-first century, while the RCP4.5 scenario is more likely than not to exceed 2°C (Moss et al. 2008; IPCC 2013) .
The IPCC scenarios were adopted as a standard radiative forcing in the fifth phase of the Coupled Model Intercomparison Project (CMPI5). CMIP5 provides a credible multi-model dataset, taking time-varying greenhouse gas concentration, carbon cycle, and dynamical vegetation into account. In near-term simulations, CMIP5 models could predict climate changes and tropical cyclones, while long-term simulations provide climate projections in accordance with changes in the atmospheric greenhouse gas concentration and land cover (Taylor et al. 2012) . Under this framework, four GCMs were selected in this study to account for climate modeling uncertainty. These include the Community Climate System Model version 4 (CCSM4); the Community Earth System Model; version 1 (CESM1)-Biogeochemistry (CESM1-BGC); the CESM1-Community Atmospheric Model version 5 (CESM1-CAM5); and the CESM1-Whole Atmosphere Community Climate Model (CESM1-WACCM), which incorporates ozone layer hole. These models have a uniform resolution of 0.94°in latitude and 1.25°in longitude. GCMs have improved physical parameterizations and the vertical resolution, with 26 vertical layers (Gent et al. 2011; Holland et al. 2012) , and due to these improvements, CCSM4 is able to reproduce more realistic El Niño-Southern Oscillation and tropical rainfall frequency distribution (Gent et al. 2011) .
A mean multi-model ensemble is used in this work to account for modeling uncertainties and consists of averaging all GCM atmospheric variables for the same IPCC scenario to obtain representative time series of atmospheric variables. CCSM4, CESM1-BGC, CESM1-CAM5, and CESM1-WACCM were considered to calculate the mean multi-model ensemble because they have identical spatial resolution with reduced numerical discrepancies compared to coarser resolution models. Furthermore, spatial distributions of RH, HI, and EDC will be analyzed using the CCSM4 model. Ninety-four (94) years of simulation, from 2006 to 2099, were divided into three climatological periods. The Bcurrent climate^period includes 2006 to 2020. This current climate will be used as a comparative baseline against the future climates. The Bfirst future climate^period is from 2041 to 2060, and the Bsecond future climate^period covers 2081 to 2099. The cooling and ventilation EDC is calculated for the three climate periods in the IAR.
Heat index, human discomfort index, energy per capita
The National Weather Service provides an HI chart as a function of temperature and relative humidity, known as Steadman's table (Steadman 1979; NOAA 2014) , and representing the heat-stress danger (Stull 2000) . At very high temperatures (40°C), the HI reflects extreme danger for heatrelated illness even for low RH. In addition, the Rothfusz's regression represents the Steadman's table and it is widely accepted by the scientific community with an error of ±0.72°C (Anderson et al. 2013; NWS 2014) :
This equation is adjusted when the air temperature is high, and the RH is extremely low and high (NWS 2014) .
There are many human discomfort index definitions using dry and wet bulb temperatures along with black globe temperature (Moran et al. 2001; Tejeda and Garcia 2002; Mohan et al. 2014) ; however, these definitions have limitations because of the difficulty involved in calculating the black global temperature (Moran et al. 2001; Epstein and Moran 2006) . Other methods, such as Thom's discomfort index, works with temperatures ranging from 24 to 27°C and as a result is more appropriate for mid-latitude regions and relative cold climates. In tropical regions, populations feel a higher degree of comfort at higher air temperatures due to climate adaptation (Mohan et al. 2014) , therefore requiring a new human discomfort index (HDI) for tropical regions based on population real thermal feeling, and applicable for different climate regions. In the present work, the following HDI is proposed:
where HI ref is heat index at the reference comfort level 22.2°C and 50% RH. Positive HDI represents cooling state conditions, while negative HDI represents a warming state. These conditions allow for the identification of regions with demands for HVAC systems.
Typical indoor building design conditions require an air temperature of 22.2°C, 50% RH, and 25.5 m 3 /h (15 cfm) outside air per person to dilute odors from human bioeffluents and replace the consumed oxygen (Persily et al. 2003; ASHRAE Press 2007) . The energy per capita (in kW) required for this typical ventilation condition is thus given by
where h env is thermodynamic enthalpy calculated using the mixing ratio, 3600 is the unit conversion from kJ/h to kW, and the reference level enthalpy is given by h ref = 62.8 kJ/ kg. It is assumed herein that energy required for human comfort is a main indicator of energy demands in buildings, which may be the case for most IAR countries, where energy from buildings account for nearly 50% of the total energy budget (Edwards et al. 2012 ).
Using NCEP Reanalysis data, the annual EDCs are approximated in this research for the nine IAR countries of interest and compared with the current climate EDC simulated by the GCMs. In addition, trends were calculated for energy demand per capita and the electrical energy consumption in the major IAR countries. The non-parametric Mann-Kendall test was selected to determine the trend statistical significance, based on its probability distribution-free characteristic (Zhang et al. 2011; Rahman and Begum 2013; Carmona and Poveda 2014) .
Results
In this section, the IAR climatology and trends analyses of the heat index, HDI, and energy demand per capita are presented for present time and GCM projections.
Intra-Americas climatology
Multiple dynamic atmospheric processes converge in the IAR, driving the rainfall, air temperature, and the atmospheric water content. The North Atlantic High Pressure System (NAHPS) interacts with the Caribbean low level jet, generating sinking dry air and low-level moisture advection in the rainy season (Moran 2002; Gamble and Curtis 2008) . In addition, stronger trade winds are related with lower SST, causing a drier Caribbean (Mapes et al. 2005; Gamble and Curtis 2008) . During the rainy season, a deep thermal convection is developed when a warmer Caribbean sea meets with low vertical wind shear (VWS), intensifying the rainfall generation (Angeles et al. 2007 (Angeles et al. , 2010a Glenn et al. 2015) . At the same time, descending air coming from Central America could inhibit this vertical convection and hindering rainfall formation (Magaña and Caetano 2005; Gamble and Curtis 2008) . Furthermore, local wind divergence causes sinking air, countervailing vertical convection and affecting rainfall generation Gamble and Curtis 2008) . These complex processes lead to a bimodal rainfall pattern in the region (see Fig. 2a ). This bimodal signature is characterized by rainfall decrease in July and divides the rainy season into early rainfall season (ERS) and late rainfall season (LRS). ERS is defined from April to July and LRS from August to November (Taylor et al. 2002; Magaña and Caetano 2005; Gamble and Curtis 2008; Angeles et al. 2010a; Curtis 2013) . Furthermore, the dry season (DS) spans from December to March and it is characterized by low rainfall activity (Taylor et al. 2002; Angeles et al. 2010a) .
The Caribbean climatology depicts SST intensification from ERS to LRS, where SST is above the threshold for convection (26°C) as shown in Fig. 2b . An annual SST time series analysis for the IAR indicates a regional warming trend of 0.01°C per year (see Fig. 2c ). Across the region, the higher annual increasing rate is located in the main development region (MDR, 0.01-0.03°C per year), where the Lesser Antilles and the Colombian coastline exhibit larger warming rates with 0.03°C per year (see Fig. 2d ). At the same time, warmer air temperature is shown over the region and occurs due to the confluence of high SST and warm advection in the MDR (see Fig. 2b ). Additionally, the warmer region leads to intense evaporation and enhanced vertical convection, causing higher moisture content in the atmosphere expressed as relative humidity. Consequently, the RH climatology shows a bimodal pattern (see Fig. 2b ).
The warmer and moister atmosphere drives the HI climatology, with LRS being the warmest season. During LRS, the HI peak is observed in August with a mean value of 28.4°C (see Fig. 3a) . Moreover, the areas with maximum heat index define the Greater Antilles, South American's Caribbean coastline, Central America coastline, and Yucatán peninsula as regions of caution (28-32°C) where sunstroke, heat exhaustion, or fatigue could affect the population health (see Fig. 3b ). HDI is directly related to HI, following the same climatological pattern. The maximum HDI is observed during August with a peak value of 0.17 (Fig. 3a) . During LRS, highest cooling needs impact the entire Caribbean, while a warming need is observed in the Sierra Madre Oriental, Mexico, and the Central and Western mountain range in Colombia. The Greater and Lesser Antilles are the regions with higher HDI, ranging from 0.16 to 0.24 (Fig. 3c) . On the other hand, the annual HI and HDI do not have trends with statistical significance but rather a fluctuation around the annual mean value of 26.1°C and 0.11, respectively (see Fig. 3d ). Therefore, from a climatological point of view, the IAR is a region with energy need for building cooling.
Current observed environmental energy demand
EDC for air conditioning across the IAR is analyzed by studying the regional climatology and annual trends . In addition, the observed annual total electrical energy consumption per capita for several IAR countries are contrasted with the EDC calculated from reanalysis data.
The monthly climatological EDC averaged over the entire IAR from 1980 to 2013 indicates a maximum energy requirement in August following the highest HI and HDI, reaching 169 kWh per capita and per month in the LRS (see Fig. 4a ). On the other hand, the annual EDC for HVAC averaged through the IAR is calculated using the monthly climatology values and it is equal to 1608.5 kWh per year. Furthermore, the total of number of inhabitants in this region was 114.1 M in 2013 according to the World Bank. This means that the total power demand for cooling in buildings in the region is approximately 21 GW.
Seasonal climatological spatial distribution for EDC was calculated over the IAR. In the LRS, the Greater Antilles per month). Northeastern Mexico is characterized by low (or even zero) EDC due to the Sierra Madre Oriental elevation (3700 m above sea level), while the Yucatán peninsula has energy demands similar to the Greater Antilles (see Fig. 4b ).
The annual EDC time series does not show a significant trend but rather a fluctuation around mean values. Since the 2000s, the variability has decreased; however, there is an increase in the annual mean value of 31.1 kWh per capita with respect to 1980-2000 (see Fig. 4c ). This time variation since the year 2000 follows the fast intensification of SST and HI.
The annual tendency is disaggregated across the IAR to identify the regions with variability and annual trends. The Caribbean Sea along with the Southern Greater Antilles (Dominican Republic and Puerto Rico) shows an annual positive rate of change of 2-3 kWh per year (p value less than 0.05). In a similar way, inland South America has a positive trend varying between 1 and 5 kWh per year, with the exception of the Northern South America where variability is observed. Southern Mexico and Central America do not present a clear trend (see Fig. 4d ); however, Panama and Central Mexico present significant trends, ranging from 2 to 4 kWh per year. Therefore, the IAR is turning into a region with increasing energy demand per capita for HVAC systems.
EDC monthly climatology was calculated for major countries in the IAR. During the LRS, the largest HVAC energy per capita requirement is observed in Cuba (205.7 kWh per month) while the lowest is detected in Guatemala (107.4 kWh per month). Puerto Rico, the Dominican Republic, Trinidad and Tobago, and the Caribbean coast of Colombia have the second highest energy requirements (171-191 kWh per capita and per month, see Fig. 5a ). The near-term trend of EDC shows that the Caribbean coast of Colombia, Panama, and Trinidad and Tobago demand the maximum total annual energy per capita (2000-2300 kWh per year) due to the Atlantic warm pool impact in this region (see Fig. 5b ). Puerto Rico and the Dominican Republic have lower energy requirements with similar patterns due to easterly winds, ranging from 1750 kWh in the Dominican Republic to 1900 kWh per year in Puerto Rico. Seven of nine countries studied have higher annual EDC (1750-2110 kWh/year), while the lowest one is observed in Guatemala. Trinidad and Tobago, Puerto Rico, the Dominican Republic, and Haití have significant trends, with the largest rate of change in Trinidad and Tobago (6.1 kWh per year), followed by Puerto Rico (3.0 kWh per year), the Dominican Republic (2.5 kWh per year), and Haití (2.6 kWh per year). The remaining countries do not show relevant trends.
The measured total annual electrical energy consumption per capita (The World Bank 2015) yields positive linear annual trends for all major IAR countries, with values between 12 and 137 kWh per year with the exception of Haiti and Colombia, where negative trends were noticed during the last 12 years (−0.7 and −14 kWh per year, respectively). Trinidad and Tobago and Puerto Rico have the largest trends (137 and 113 kWh per year) along with the largest energy per capita consumption in the year 2007 (5668.9 and 5691.8 kWh per year, respectively) as shown in Fig. 5c . This may be due to the large energy requirements for gas-related industrial activities in Trinidad and Tobago and high energy consumption by the population in Puerto Rico. A population emigration from 2008 sparked by economic recession caused a noticeable electrical energy consumption reduction in Puerto Rico (see Fig. 5c ). All other IAR countries show lower total energy per capita consumption than the required to maintain adequate indoor building environmental conditions (see Fig. 5b, c) . Haiti has the lowest energy consumption in the region, even decreasing since 1990. During this period, the IAR is warming with higher SST, and heat index, leading to the highest HDI values. Although Haiti has the lowest energy consumption, it is among the countries with the highest energy per capita requirement.
Simulated environmental energy demands under current climate
Low numerical errors were calculated (1-5%) when numerical GCM results were contrasted against NCEP data (see Fig. 6a ). GCMs simulate the highest air temperature and relative humidity values during the LRS in scenarios RCP2.6 and RCP4.5. In addition, from 2006 to 2020, both scenarios have a very similar climatology because the radiative forcing paths are very close (see Fig. 6b ). Thereby, in both scenarios, the geographical distribution of main atmospheric variables simulated using the CCSM4 model show low RH concentrated in Northern South America and Northern Mexico during the LRS. Comparatively, the Caribbean, Central America, and inland Colombia have higher RH. CCSM4 therefore simulates a high-caution human health region with HIs between 32 and 34°C in the Yucatan Peninsula and the Central American and Colombia coastlines and ranging from 30 to 32°C in the Greater Antilles (see Fig. 6c, d) .
The EDC monthly climatology needed to relieve the harmful health effect of intense hot days shows the highest peak in August (185 kWh per month), depicting the IAR as a region with a permanent energy requirement from May to September to maintain optimum indoor environmental conditions in scenarios RCP2.6 and RCP4.5 (see Fig. 7a ). The seasonal energy per capita demand in both scenarios and over Greater Antilles evolves from a low energy requirement during the dry season (120 kWh per month) to about 200 kWh per month during the LRS. In the LRS, CCSM4 predicts a similar energy per capita requirement to observed data in the Dominican Republic, with values of approximately 160-180 kWh per month. The Caribbean coastlines of Panama and Colombia follow the same patterns than the Greater Antilles, requiring energy from 180 to 200 kWh per capita per month. In Colombia, the central and western mountain ranges have lower energy requirements for HVAC ranging from 20 to 60 kWh per month and reaching zero energy demand at the highest elevation. Likewise, the Sierra Madre Occidental's Mountain range in Mexico is simulated with zero energy demand at the highest elevation (see Fig. 7b ), while the Yucatán peninsula requires EDC similar to the Greater Antilles (180-200 kWh per month).
The annual energy demand per capita averaged over the IAR shows a clear increasing trend of 3.9 kWh per year in the scenario RCP4.5 during the first 15 years of simulation (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) (2019) (2020) , while the RCP2.6 scenario does not have a trend, but rather a fluctuation around the annual mean value of 1659.8 kWh (see Fig. 8a ). In Fig. 8b , the time variation of the annual energy per capita simulated by the GCMs for both scenarios follows the amount of energy demand per countries obtained using NCEP Reanalysis data. The simulated and observed energy per capita comparison indicates an error fluctuating between 0.33 and 14%, with the exception of Venezuela and Colombia, nations with errors as high as 40 and 16%, respectively. All countries are simulated with positive rate of change and suitable statistical significance except Colombia, where a fluctuation around mean values was detected. On average, the simulated energy requirement to satisfy the HVAC system demand in buildings and for the major countries will increase at a rate of 3.3 kWh per year during the years 2006 to 2020.
Future projections of environmental energy demand
The mean multi-model ensemble for the twenty-first century indicates a continuous positive trend for HI with 0.3°C per decade in the scenario RCP4.5. The scenario RCP2.6 shows a trend until the middle of the century (0.28°C per decade) for later oscillation without trend around the annual mean of 27.8°C. At the same time, the HDI has a positive trend, increasing at a rate of 0.008 per decade in RCP4.5 and 0.007 per decade in RCP2.6 (2006 RCP2.6 ( -2050 . The annual energy per capita demand reflects these positive trends, increasing at a rate of 38 kWh per decade in RCP4.5 and 36 kWh per decade in RCP2.6 during the first 45 years (see Fig. 9 ). According to the RCP4.5 scenario, the IAR will become warmer, increasing the likelihood of intense heat wave events and requiring more energy to keep human comfort levels at the end of the twenty-first century. In contrast, the scenario RCP2.6 depicts a clear stabilization tendency after 2050 with an annual mean value of 1749.7 kWh.
Differences between the two Bfuture climates^and the current climate are calculated using a mean multi-model ensemble to quantify the future climate change. In the scenario RCP4.5, the first future climate alludes to an energy per capita demand increase of about 15 kWh per month with respect to the current climate. The second future climate period, close to the end of the twenty-first century, shows a stronger intensification in the energy requirement for air conditioning systems, reaching anomalies of around 23 kWh per month. Furthermore, the scenario RCP2.6 does not exhibit significant changes in the EDC when the Bfirst and second future climates^are compared. The energy demand increase of these future climates with respect to the current climate has the same monthly mean value of 9.63 kWh (see Fig. 10a ). The RCP2.6/RCP4.5 scenario has a population rate increase of 1.25/1.24 until 2020 and 1.5/1.38 in the last two decades of the twenty-first century (Vuuren et al. 2011) . Assuming the total current population in the IAR (114.1 M inhabitants) follows these rates of increase, the total population has been projected in 2020 (142/141M inhabitants) and 2099 (171/157M inhabitants). These projected populations along with the EDC for HVAC systems allow for a first-order calculation of the total energy demand in the Bfirst^and Bsecond^future climate periods. The larger energy demand in the scenario RCP4.5 and in the last two decades of the twenty-first century (2081-2099) may lead to an average in 8.15 GW of additional power requirements with respect to the current climate, while the RCP2.6 scenario requires lower additional power requirement in the last two decades (7.57 GW higher than the current climate).
The geographical energy demand distribution across the IAR indicates more intense energy change in the LRS and centered on the Panama and the Colombia's Caribbean coastline. The EDC changes range from 18 to 22 kWh per month, in agreement with a future Caribbean regional warming. Although the Greater Antilles are affected by the Atlantic warm pool, the easterly winds refresh the region, causing a lower energy per capita change (12-16 kWh per month) than the Northwest South American coastline (see Fig. 10b ). Furthermore, Central America and Venezuela have similar changes in energy requirements, while Northern and Southern Mexico are characterized with lower EDC increases (less than 10 kWh per month). Annual energy per capita anomalies for the two future climates point to a more intense energy per capita demand at the end of the twenty-first century in the RCP4.5 scenario (see Fig. 10c ), with positive energy changes of approximately 274 kWh per year, which is almost 1.6 times the anomaly from 2041 to 2060. The RCP2.6 scenario does not show relevant changes when these two future climates are compared, with an annual mean of 115 kWh (see Fig. 10c ). At the end of the twenty-first century, the major countries show a similar variability than in the current climate but with higher intensity. In the RCP4.5 scenario, 7 of 9 countries have (on average) higher energy per capita requirements than the current climate, with a variation between 1887 and 2252 kWh per year. The RCP2.6 scenario denotes a cooler environment, and in consequence, only 4 of 9 countries have an energy demand between 1887 and 2252 kWh per year (see Fig. 10d ).
The energy demand for all the studied countries for scenarios RCP2.6/RCP4.5 show an energy per capita increase between 5.68/12.4 and 10.57/27%. Guatemala and Venezuela will likely have larger energy demands in a future warmer region, requiring 10.57/27.43 and 8.8/20.3% more EDC than current climate (see Table 1 ). Thereby, the RCP4.5 scenario points to a future with more energy generation requirements than the RCP2.6 scenario. In addition, no significant trends were detected in the last two decades of the twenty-first century, in accordance with the RCP4.5 scenario tendency to stabilize the greenhouse gas concentrations in the atmosphere (the last decades). The RCP8.5 scenario was included in this portion of the analysis to identify how much energy is required in the warmest scenario. This scenario depicts the largest energy demand with an increase between 31 and 62.5% with respect to the current climate. Therefore, a better energy infrastructure could be a high priority to maintain adequate human comfort levels.
Effects of current and future climate disruptions could impact energy demands and costs. In view of this situation, the US Department of Energy (DOE) Building Technologies Office (BTO), in partnership with the HVAC industry, have been actively working to develop highly efficient systems, projecting energy savings of 12 and 14% in the years 2020 and 2030, respectively (Bansal et al. 2012; Wang et al. 2017) . Technologies explored including solid-state cycles using magnetic refrigeration system, nanoscale energy savings materials, and electro-mechanical technologies (i.e., membrane heat pump) are proposed to improve heat transfer processes and building energy efficiency. Although these new technologies and materials are in the research stage, energy consumption reduction of 27% is estimated (Goetzler et al. 2014a, b) . Furthermore, building materials such as phase change materials integrated in building structures could reduce the energy requirement for HVAC systems. These new materials and techniques could reduce the energy demand increases in tropical coastal areas due to global warming with the additional positive impact of reducing greenhouse gas emissions. As a future work, GCMs could incorporate these lower energy consumption strategies modifying the radiative forcing due to a reduction in the greenhouse gas emission to the atmosphere. The less intense radiative forcing could impact the air temperature trend simulated by GCMs in the IAR, reducing the amount of EDC needed to cool down buildings.
Summary and conclusions
This study performed a trend analysis for the spatial and temporal distributions of energy demand per capita and human comfort in the intra-Americas region as a response to recently observed regional warming trends. The environmental energy analysis was based on HI and a newly defined human discomfort index. EDC projections were obtained using a mean multi-model ensemble of four GCMs.
Results show that the IAR could be defined as a region with cooling needs to achieve human comfort in buildings, with the highest HDI in August leading to a maximum energy requirement for air conditioning systems. Southern Greater Antilles point to an EDC increase at an annual rate of change of 2-3 kWh per year , while inland South America has an increasing trend ranging between 1 and 5 kWh per year, with exception of the Caribbean South America and Central America where they have no trends. Puerto Rico and the Dominican Republic exhibit similar energy patterns with rates of change of 2.5 and 3.0 kWh per year, respectively. According to electrical energy consumption data from the World Bank, Haiti has the lowest energy consumption in the region, but it is among the countries with highest energy per capita requirement for air conditioning systems. Using GCMs, energy projections in the IAR for the twentyfirst century using the RCP2.6/RCP4.5 scenarios evidenced a positive EDC change around 9.6/15 kWh per month at the middle of this twenty-first century and 9.6/23 kWh per month at the end of the century, which may translate to 7.57/8.15 GW of additional power requirement. The intense energy demand intensification is in agreement with a warmer future climate change projected by the GCMs and IPCC scenarios. In the future climate, the largest energy demand change occurs during the LRS over Panama and Colombia's Caribbean coastline (18-22 kWh per month). At the end of the twenty-first century and in the RCP2.6/RCP4.5 scenarios, 4 of 9/7 of 9 IAR countries have EDC ranging between 1887 and 2252 kWh per year, representing an energy demand per capita increase between 5.68/12.4 and 10.57/27% with respect to current climate. The higher CO 2 emission scenario (RCP8.5) shows much larger energy increases than RCP4.5, with an increase between 31 and 62.5% with respect to the current climate. As a result, more energy production and improved energy infrastructure will be required to maintain demands for human comfort needs in buildings and for mitigation of future climate change impacts on public health at the end of the twenty-first century.
To mitigate the impacts on energy demands due to a warmer climate in tropical coastal regions, future high efficiency HVAC technologies may be used such as those proposed by the US DOE. These include new working fluids in HVAC and phase change materials within building structures. Therefore, the energy demand increased due to a warming climate could be mitigated with the added positive effect of lowering greenhouse gas emissions from tropical coastal regions. Therefore, future works will explore introducing the impacts of these new technologies in the EDC projected by GCMs. In addition, local records will be studied to identify HI, HDI, and energy per capita trends at the city and community levels and to correlate the HDI with countries' productivity. Correlations of peak energy demands with extreme heat wave events will also be explored.
CCSM4, Community climate system model version 4; CLM4, Community land model version 4; CLLJ, Caribbean low level jet; CMAP, CPC Merged analysis of precipitation; CPC, Climate prediction center; DS, Dry season; ERS, Early rainfall season; GCM, General circulation model; HI, Heat index; HDI, Human discomfort index; HVAC, Heating, ventilation, and air conditioning; IAR, Intra-Americas region; IPCC, Intergovernmental panel on climate change; LRS, Late rainfall season; MDR, Main development region; NAHPS, North Atlantic high pressure system; NCEP, National center for environmental prediction; NOAA, National oceanic and atmospheric administration; RCP, Representative concentration pathways; RH, Relative humidity; SST, Sea surface temperature; VWS, Vertical wind shear
